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Abstra
t

The study of quark jets in e

+

e

�

rea
tions at LEP has demonstrated that the

hadronisation pro
ess is reprodu
ed well by string models like JETSET. How-

ever, our understanding of gluon fragmentation is less 
omplete. In this study

enri
hed quark and gluon jet samples of di�erent purities are sele
ted in three-

jet events from hadroni
 de
ays of the Z 
olle
ted by the DELPHI experiment

in the LEP runs during 1994 and 1995. The leading systems of the two kinds of

jets are de�ned by requiring a rapidity gap and their sum of 
harges is studied.

An ex
ess of leading systems with total 
harge zero is found for gluon jets in

all 
ases, when 
ompared to Monte Carlo Simulations with JETSET (with and

without Bose-Einstein 
orrelations in
luded) and ARIADNE. The 
orrespond-

ing leading systems of quark jets do not exhibit su
h an ex
ess. The in
uen
e of

the gap size and of the gluon purity on the e�e
t is studied and a 
on
entration

of the ex
ess of neutral leading systems at low invariant masses (� 2 GeV/


2

)

is observed, indi
ating that gluon jets might have an additional hitherto unde-

te
ted fragmentation mode via a two-gluon system. This 
ould be an indi
ation

of a possible produ
tion of gluoni
 states as predi
ted by QCD.

(Submitted to Phys. Lett. B)
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1 Introdu
tion

The study of quark jets provides us with remarkable insights into the me
hanism of

hadronisation. It gives strong eviden
e for 
hain-like 
harge ordered parti
le produ
tion in

ex
ellent agreement with string Monte Carlo models like JETSET [1℄ . This is shown e.g.

by several 
ontributions [2{5℄ of the DELPHI experiment at LEP, where the 
ompensation

of quantum numbers, in parti
ular that of 
harge, has been extensively studied. Mu
h

less is, however, known about the behaviour of gluon jets. On the theoreti
al side, besides

the fragmentation via two strings as implemented in JETSET/PYTHIA and ARIADNE

[6℄, the dire
t neutralisation of the 
olor o
tet �eld by another gluon with the 
reation

of a two-gluon system has been 
onsidered by Minkowski and O
hs [7,8℄ and also by

Spiesberger and Zerwas [9℄. Older referen
es exist by Montvay [10℄ and Peterson and

Walsh [11℄. Additional referen
es 
an be found in [7℄ where it is also emphasized that

an experimental study of the gluon 
orner in three-jet events 
ould 
ontribute valuably

to the question of the existen
e of glueballs, an early expe
tation of QCD [12℄. No

quantitative predi
tion however exists up to now. This has triggered an experimental

investigation by the DELPHI 
ollaboration on gluon fragmentation in a leading system

de�ned by a rapidity gap [13,14℄. The preliminary results revealed that ele
tri
ally neutral

systems of leading parti
les in gluon jets o

ur more often than predi
ted by JETSET,

in agreement with the expe
tations of the above theoreti
al argumentations, while there

was no disagreement observed in quark jets. This phenomenon, experimentally observed

for the �rst time, has meanwhile also been seen by ALEPH and OPAL [15,16℄

The JETSET (ARIADNE) model of a q�qg event stret
hes a string from the q to the

g and on to the �q. The string fragments for example by the 
reation of q�q pairs, similar

to what happens for quark fragmentation (Fig.1a). Thus the JETSET (and ARIADNE)

model regards gluon fragmentation as a double 
olor triplet fragmentation (most 
learly

sket
hed in Fig.1 of ref.[7℄) and the leading system 
an obtain the 
harge �1 or 0 in

the limiting 
on�guration. The pro
ess proposed by Minkowski and O
hs, namely the

o
tet neutralization of the gluon �eld by another gluon has the signature of an un
harged

leading system due to the requirement that the sum of 
harges (SQ) of the de
ay prod-

u
ts of a two-gluon system is zero (Fig.1b). In [7,8℄ it is also proposed to enhan
e the

possible 
ontribution of this pro
ess by sele
ting events where a leading parti
le system

is separated from the rest of the low energy parti
les by a large rapidity gap, empty of

hadrons. In this situation of a hard isolated gluon the o
tet �eld is expe
ted not to have

been distorted by multiple gluon emission and by related 
olor neutralization pro
esses

of small rapidity ranges [7℄. The pri
e to pay for su
h a sele
tion is, however, a strong

redu
tion of the number of events be
ause of the Sudakov form fa
tor [17℄. A di�er-

ent me
hanism - 
olor re
onne
tion [18℄ - 
an produ
e similar e�e
ts. Two experiments,

however, agree that the present 
olor re
onne
tion models, as implemented in some ver-

sions of Monte Carlo simulations, 
an not reprodu
e quantitatively the observed ex
ess

of SQ = 0 systems [15,19℄.

The present study aims to 
onsolidate the results of the pre
eding analyses [13{16℄ by

studying the dependen
e of the ex
ess of neutral leading systems in enri
hed gluon jets on

the gap size and gluon 
ontent, and by investigating if there are possible trivial origins for

the observed e�e
t. This is espe
ially important, sin
e a signi�
ant failure of the string

model to des
ribe gluon jets might generally reveal the presen
e of hitherto undete
ted

pro
esses. The size of the e�e
t for a pure gluon jet is estimated. As a 
ross-
he
k, the

same investigation is done for quark jets.



2

Figure 1: Diagrams to illustrate the pro
esses of 
olor triplet fragmentation a) and 
olor

o
tet fragmentation b). The dashed lines represent the 
olor triplet strings and the helixes

represent the 
olor o
tet strings.

2 Data sample and 3-jet event sele
tion

The data sample used has been 
olle
ted by the DELPHI experiment at the LEP


ollider at the Z resonan
e during 1994 and 1995. Three-jet events have been sele
ted by

using the appropriate 
uts for tra
k quality and for the hadroni
 event type [20℄ as well

as applying a k

t


luster algorithm (Durham) [21℄ with y


ut

= 0:015

1

. The jet energies

were re
al
ulated based on the dire
tion of the jet momenta and the jets were sorted by

de
reasing energy, i.e. E

3

� E

2

� E

1

. Events with �

2

;�

3

= 135

Æ

� 35

Æ

have been used,

where �

i

is the inter-jet angle opposite to jet i. All jets are required to lie in a plane and

the jets must be at least 30

Æ

away from the beam dire
tion [22{24℄. About 314000 events

meet all these 
onditions.

Without any additional tag the jet with the highest energy E

1

(jet1) is in most 
ases

a quark jet and that with the smallest energy E

3

(jet3) the gluon jet. The measured

mean jet energies are:

�

E

1

= 41:4 GeV,

�

E

2

= 32:2 GeV and

�

E

3

= 17:7 GeV.

2

In the �rst

data sample (sample1), where the gluon and quark jet identi�
ation is based on energy

ordering only, events are required not to exhibit any b-signal (235080 events). Monte

Carlo simulations show for the above mentioned 
onditions a quark jet 
ontribution of

� 90% for jet1

3

and a gluon jet 
ontribution of about 70% for jet3. In a more detailed

study of the gluon purity a se
ond independent sample (sample2) is sele
ted, where jet1

and jet2, 
ontrary to jet3, are required to exhibit a b-signal [24,25℄ (Se
tion 4.3). This

1

This value has been obtained from a study optimizing simultaneously purity and statisti
s [22℄

2

Although the mean energies of jet1 and jet3 di�er by more than a fa
tor 2, the maximum possible rapidities and mean

multipli
ities di�er mu
h less (e.g. hn

jet3

i = 9, hn

jet1

i =11.6).

3

All quark jet sele
tions (jet1) shown in the �gures for 
omparisons are de�ned by sample1.
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additional tag results in a gluon purity of jet3 of about 90% and 
onsists of 31400 events.

A third sample (sample3) is sele
ted to enable purity unfolding for spe
ial 
ases. It is

de�ned by the requirement that jet3 has a b-tag. For this jet3 sample 
onsisting of 12200

events the gluon 
ontent is very mu
h diminished (about 26%).

3 Monte Carlo models

For 
omparisons a suitable number of Monte Carlo simulations using JETSET 7.3[1℄

and ARIADNE[6℄ have been performed. In 
ontrast to JETSET, ARIADNE in
orpo-

rates dipole radiation of gluons instead of the parton shower used by JETSET. Sin
e

Bose-Einstein 
orrelations (BEC) are present in nature, like-
harged parti
les will sti
k

together in momentum spa
e and lo
al 
harge 
ompensation is expe
ted to be diminished.

The implementation of Bose-Einstein 
orrelations into the Monte Carlo simulation, how-

ever, is highly problemati
 and the magnitude of the e�e
t on 
harge 
ompensation is

unknown. Nevertheless, the possible e�e
t of BEC has to be investigated and the possible

un
ertainties have to be 
onsidered.

Three di�erent Monte Carlo event samples have been 
reated by using di�erent gen-

erators:

Model (1): JETSET with BEC in
luded (BE32 [26℄)

Model (2): JETSET without BEC

Model (3): ARIADNE without BEC

The number of events generated for ea
h sample 
orresponds roughly to that of the

data.

The data are 
ompared to these Monte Carlo event samples with full simulation of the

DELPHI dete
tor. The same re
onstru
tion and analysis 
hain has been applied to the

data and Monte Carlo (MC) samples.

4 Analysis

4.1 The sum of 
harges in the leading system with a rapidity

gap (sample1)

After the sele
tion of 3-jet events and the determination of enri
hed quark and gluon

jet samples, the leading hadroni
 system of a jet is de�ned by requiring that all 
harged

parti
les assigned to the jet must have a rapidity y with respe
t to the jet axis of y �1.5.

The size of the demanded gap below this leading system is a 
ompromise between the

requirement of a gap as large as possible and the 
onsiderable loss of statisti
s at a larger

gap. The requirement that the rapidity interval Æy � �y (with �y = 1.5) below the

leading system be empty of 
harged hadrons redu
es the number of jets appre
iably.

About 38000 enri
hed gluon jets and 39000 quark jets meet this 
ondition. The whole

analysis (with one ex
eption in se
tion 5) is based on 
harged parti
les only and in

prin
iple, there 
ould be neutral hadrons in the gap. It has been veri�ed that removing

in addition topologies, where observed neutrals are 
ontained in the gap (mainly 
 s from

the de
ay of �

0

s), leads to results that are fully 
onsistent with the ones presented here,

but with about 15% larger statisti
al errors.

The sum of 
harges (SQ) of the parti
les belonging to the leading system de�ned as

above is shown in Fig.2a for gluon jets and in Fig.2b for quark jets and 
ompared to

ARIADNE. P (SQ;�y) is generally de�ned as the fra
tion of a jet sample with �y and a
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Figure 2: Fra
tion of jets P (SQ; 1:5) as a fun
tion of the sum of 
harges SQ of the leading

system for both (a) gluon jets and (b) quark jets. Full 
ir
les represent the data , lines

the Monte Carlo simulation, model (3). The di�eren
e (data-MC) is shown in (
) for

gluon jets and in (d) for quark jets.
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given value of SQ, P (SQ;�y) =

N(SQ;�y)

N(�y)

and is an estimate for the probability of a jet

with a gap to have a 
ertain SQ. The SQ distribution of the leading system for the gluon

jet (Fig.2a) exhibits for SQ = 0 a signi�
ant enhan
ement of the data over the Monte

Carlo. This e�e
t is predi
ted, if the pro
ess of 
olor o
tet neutralization is present [7,8℄.

On the other hand, there is no signi�
ant di�eren
e in the SQ distribution for the data

and the Monte Carlo simulation in the 
ase of quark jets (Fig.2b).

The lower parts of Fig.2 show quantitatively the di�eren
es of the P (SQ; 1:5) between

the data and the Monte Carlo simulation. This di�eren
e for the gluon jet (Fig.2
)

amounts to about 3.5 standard deviations (statisti
al errors only), for the quark jet

(Fig.2d) this di�eren
e is 
ompatible with zero.

4.2 The dependen
e on the size of the rapidity gap

Figs.3a,b show, for neutral leading systems (SQ = 0), the dependen
e of R(�y) on

the size of the lower limit (�y) of the rapidity gaps 
onsidered:

R(�y) =

P (0;�y)

data

� P (0;�y)

MC

P (0;�y)

MC

(1)

For all three types of Monte Carlo simulations (models (1), (2) and (3), see Se
tion 3),

R(�y) (�y > 0:5) is positive and in
reasing with �y for jet3 (Fig.3a). This 
learly shows

that the surplus of neutral leading systems in the data, 
ompared to the Monte Carlo

simulations, in
reases with the gap size. This 
orroborates the arguments of Minkowski

and O
hs [7,8℄. ARIADNE without BEC (model 3) lies between the JETSET models.

In the 
ase of jet1 (Fig.3b) all values are s
attered around zero and no rise 
an be seen.

When 
omparing JETSET with and without BEC in
luded, one noti
es for jet3 and also

for jet1 a di�eren
e for all values of �y. The e�e
t of introdu
ing BEC into the Monte

Carlo models 
auses a shift of R(�y), essentially independent of �y, to higher values.

The dependen
e on �y is approximately the same for all three models. Arguing that only

the rise and not implementation e�e
ts of BEC are of interest here and that the surplus

of neutral systems is expe
ted to be small and in a �rst approximation negligible in jets

without a gap, the following quantity is 
al
ulated:

R

0

(�y) = R(�y)� R(0) (2)

and shown in Fig.3
,d.

The residual spread between the models is 
onsidered as systemati
 un
ertainty.

4.3 The dependen
e of R

0

(�y) on the gluon purity

In Fig.4a the mean values of R

0

with models (1), (2) and (3), whi
h are presented

in Fig.3
, are drawn together with the statisti
al errors (symbols with error bars) and

systemati
 un
ertainty (shaded area). As a 
ross-
he
k, an independent se
ond sample

(sample2) of gluon jets with a mu
h higher purity is sele
ted. The dependen
e of R

0

(�y)

in the 
ase of jet3 on �y for this sample is given in Fig.4b, 
orresponding to Fig.4a with

sample1, where only energy ordering has been applied for the determination of the jet

identity. Although the statisti
s are smaller in Fig.4b (3870 jet3 at �y = 1:5, whi
h is

only about 1/10 of sample1), the e�e
t is in
reased, whi
h is expe
ted if it is 
onne
ted

to the gluon jet only. At �y = 1:5 R

0

(�y) is about 0:09 � 0:04(statisti
al) be
ause of

the higher purity.
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Figure 3: a),b): Relative deviations R(�y) of the number of neutral leading systems

in gluon and quark jets for the three Monte Carlo models de�ned in Se
tion 3 and for

various sizes of �y. R is de�ned in eq(1). 
),d): R

0

(�y) as de�ned in eq(2). Be
ause of

the nature of the 
ut �y, the bins are 
orrelated.
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Figure 4: R

0

(�y) using model averages. The gluon jet3 is tagged using energy ordering

in a) and b-tagging is used for the sele
tion in b).

To estimate the amount of disagreement between data and Monte Carlo in pure gluon

jets the gluon purity has to be estimated for jet3 at the gap size �y for both data

sele
tions in Fig.4. In prin
iple, it 
an be dire
tly obtained from the Monte Carlo. At the

same s
ale, gluon and quark jets exhibit di�erent rapidity distributions, i.e. gluon jets

emit more parti
les per unit at small rapidity. Demanding a gap redu
es therefore not

only the number of jets, but also the gluon 
ontent in a mixed sample of gluon and quark

jets. This is observed in the MC. An estimation of the gluon purity at gap �y however

depends on the 
orre
t modelling of the rapidity distribution of pure gluon jets. Therefore

another method has been used in addition. It uses the measured redu
tion rates of the

number of jets f

i

(�y) in sample-i by demanding a gap (see Se
tion 4.1) and from the MC

only the 
omposition at gap zero. Let us de�ne N

1

(�y) = f

1

(�y)N

1

(0) in sample1, and

N

2

(�y) = f

2

(�y)N

2

(0) in sample2, where N

1

(�y) (N

2

(�y)) is the number of jets 
ounted

at �y in sample1 (sample2). Sin
e these samples are an admixture of pure q(=light quark)

jets, g(=gluon) jets and b(=b-quark) jets, the 
orresponding f

1

(�y); f

2

(�y) (and also

f

3

(�y) for sample3) are also an admixture of the redu
tion rates f

q

(�y); f

g

(�y); f

b

(�y)

of the pure light-quark, pure gluon and pure b-quark subsamples, e.g.

f

1

(�y) = a

1q

f

q

(�y) + a

1g

f

g

(�y) + a

1b

f

b

(�y) (3)

with two analogous equations for f

2

(�y) and f

3

(�y). The resulting system of three linear

equations 
an be written in short:

F = AF

pure

(4)

with the solution

F

pure

= A

�1

F: (5)
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The ve
tor F (f

1

(�y); f

2

(�y); f

3

(�y)) is measured,

and the ve
tor F

pure

(f

q

(�y); f

g

(�y); f

b

(�y)) is the solution.

The matrix A represents the q,g,b 
ompositions for the three sele
tions at gap=0, es-

timated from Monte Carlo (e.g. a

1g

is the gluon purity of jet3 in sample1, a

2g

that of

sample2, and a

3g

that of sample3 and so on). With the solution of equ.(5), the numbers

of true gluon jets at �y 
an be determined in sample1 and sample2:

N

gluon

1

(�y) = f

g

(�y)a

1g

N

1

(0); (6)

N

gluon

2

(�y) = f

g

(�y)a

2g

N

2

(0): (7)

The fra
tion of gluon jets 


�y

g

at �y is given by:




�y

g

(sample1) = N

gluon

1

(�y)=N

1

(�y) = a

1g

f

g

(�y)=f

1

(�y); (8)




�y

g

(sample2) = N

gluon

2

(�y)=N

2

(�y) = a

2g

f

g

(�y)=f

2

(�y): (9)

Applied to the two data sets in Fig.4a,b the following numbers for the gluon 
ontent

have been obtained:

1. The sample in Fig.4a (sample 1): 


0

g

= 0:65, 


1:5

g

= 0:46 (from equ.(8) ), and 


1:5

g

=

0:45 (dire
tly from the Monte Carlo at �y = 1:5).

2. The sample in Fig.4b (sample 2): 


0

g

= 0:88, 


1:5

g

= 0:80 (from equ.(9) ), and




1:5

g

= 0:82 (dire
tly from the Monte Carlo at �y = 1:5).

The statisti
al errors on these numbers are below 1%, systemati
 errors 
an be obtained

by 
omparing the estimates with di�erent Monte Carlo models (1), (2) and (3). They

are � 2:6%. The purity estimates obtained above allow the determination of the ex
ess

of neutral systems R

0

g

in pure gluon jets. The following values of R

0

g

have been obtained

for the two samples de�ned above:

Sample1 : R

0

g

(1:5) = 0:100� 0:023 (stat)� 0:025 (syst) (10)

Sample2 : R

0

g

(1:5) = 0:107� 0:042 (stat)� 0:028 (syst) (11)

The samples are statisti
ally independent. Adding statisti
al and systemati
 errors

quadrati
ally, a signi�
an
e of about 3� is obtained in sample 1 and of about 2� in

sample 2. Combining �nally both samples results in:

Combined : R

0

g

(1:5) = 0:102� 0:021 (stat)� 0:026 (syst) (12)

This number 
an be used to make a �rst estimate of R

g

(0), the amount of the ex
ess of

neutral systems in pure gluon jets without any gap sele
tion. Taking into a

ount the

estimated value of f

g

(1.5) = 0.112�0.003 from equ.(5) whi
h tells that 11% of the pure

gluon jets meet the gap 
ondition �y = 1.5, one obtains:

R

g

(0) ' R

0

g

(�y = 1:5)f

g

(�y = 1:5) = 0:01 (13)

Extending this analysis to samples whi
h allow also for smaller gap sizes 1:5 > �y �1.0

leads to the 
on
lusion that the amount R

g

(0) of a possible o
tet neutralisation of the

gluon �eld is of the order of 1 - 2 %.
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4.4 Dis
ussion of the systemati
 un
ertainties

The following sour
es of systemati
 errors have been 
onsidered:

(a) Quality of event re
onstru
tion. Bad re
onstru
tions and losses of tra
ks in the

dete
tor and wrong assignments to the jets 
an lead to di�eren
es of several GeV

between the jet energy 
al
ulated from the angles between jets (E


al


) [24℄ and the

sum of energies of all parti
les assigned to the jet (E

sum

). Improving the quality by


utting away about 1/3 of the jets with the largest di�eren
e E


al


�E

sum

does not

signi�
antly 
hange the signals at SQ = 0 both in gluon and quark jets.

(b) The dependen
e of the e�e
t on the polar angle of the jet with respe
t to the 
ollision

axis has been investigated: the e�e
t is stable.

(
) The in
uen
e of tra
k �nding eÆ
ien
y in the dete
tor. In order to investigate

the in
uen
e of tra
k �nding eÆ
ien
y the e�e
t of a redu
tion of the eÆ
ien
y by

1% has been simulated. No signi�
ant 
hange in the signals at SQ = 0 has been

observed.

(d) To investigate whether the good agreement between data and Monte Carlo in quark

jets is only due to the larger parti
le momenta, in a test-run only parti
les with

momenta less than 30 GeV/
 have been a

epted in jet1. The agreement with the

Monte Carlo remains.

(e) The estimations leading to (10) and (11) assume that quark jets, also at the lower

energies of jet3, do not exhibit any ex
ess of neutral leading systems. This is further

tested by measuring the ex
ess in sample3 whi
h exhibits at �y = 1:5 an admixture

of only 20 % gluon jets. As expe
ted, the signal is redu
ed, and is even negative

with large error: R

0

3

(1.5) = -0.02 � 0.04. Adopting the same pro
edure as in Se
tion

4.3 by using matrix inversion with the measured values R

0

i

(1.5), i= 1,2,3 for the 3

sele
ted samples as input, the resulting ex
ess for pure quark and gluon jets 
ould

be estimated: R

0

q

(1.5) = 0.00 � 0.05, R

0

g

(1.5) = 0.11 � 0.05 and R

0

b

(1.5) = -0.06 �

0.07. These results do not show any eviden
e that quark jets exhibit an ex
ess of

neutral leading systems for the lower jet3 energies.

(f) At the generator level of JETSET and for pure gluon jets the e�e
t of 
hanging

parameters within limits has been studied. For example, di�erent DELPHI tunings

have been used, the DELPHI tuning [27℄ has been repla
ed by that of OPAL [28℄

and by the JETSET default

4

, and the pop
orn parameter has been varied. Some


hanges of P (SQ;�y = 1:5) at SQ = 0 are revealed in gluon jets and to a lesser

extent in pure quark jets. At a gap size of �y = 1:5 a maximum variation of R(�y)

of 0.027 is observed.

The systemati
 error from (f) amounting to 18% is taken into a

ount. This is a


onservative estimate with a fa
tor 0.68 of the maximum variation, 
orresponding to 1�

of a Gauss distribution. The 
ontributions from (a)-(e) are negligible. The systemati


errors for samples 1 and 2 are estimated as follows:

1) Sample 1

a) from the spread in Fig.4a at �y = 1.5:

�R

0

= 0.017

b) un
ertainty in purity: 0.0026 (see Se
tion 4.3)


) un
ertainty from (f): 0.018

By quadrati
ally adding all 3 
ontributions a systemati
 error of 0:025 is obtained.

4

All these studies have been done with BE 
orrelations in
luded.
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2) Sample 2

a) from the spread in Fig.4b at �y = 1.5:

�R

0

= 0.021

b) un
ertainty in purity: 0.0028 (see Se
tion 4.3)


) un
ertainty from (f): 0.019

By quadrati
ally adding all 3 
ontributions a systemati
 error of 0:028 is obtained.

5 Mass spe
tra

Color o
tet neutralization of the gluon �eld 
ould produ
e a resonan
e spe
trum whi
h

di�ers from that of 
olor triplet fragmentation [29℄ implemented in JETSET. In order to

investigate in whi
h region of the mass spe
trum the observed ex
ess of the leading neutral

systems is lo
ated, the invariant mass (M

inv

) distributions P (M

inv

) =

N(M

inv

;SQ=0;�y)

N(�y)

of

the leading systems with total 
harge zero at �y = 1:5 have been 
al
ulated and 
ompared

with the mean values of models 1-3 for the two 
ases:

a. M

inv

is 
omputed using only 
harged parti
les (assuming pion mass). This distribu-

tion is shown in Fig.5a for gluon enri
hed jets and in Fig.5
 for quark jets. For gluon

jets the distribution of the di�eren
e data-MC (Fig.5b) exhibits possible eviden
e for

a rather narrow mass enhan
ement

5

in the region of the f

0

(980) resonan
e. In the

mass range between 1 and 2 GeV/


2

an overall ex
ess is observed. The distributions

for quark jets do not exhibit a signi�
ant di�eren
e between data and MC in the low

mass region (Fig.5d). Without emphazising too mu
h the narrow peak just below

1 GeV/


2

, it has to be noted that it survived a quality 
ut (by a

epting only jets

with a polar angle � 50

Æ

) well above 3�, whereas all other deviations from zero in

Figs.5b,d were de
reased below 2� ex
ept the se
ond peak in the gluon jets at about

2.73 GeV/


2

whi
h remains at about 2.3�.

b. M

inv

is 
omputed for all parti
les, 
harged (assuming pion mass) and neutrals (as-

suming photons with zero mass). Figs.6a,d show P(M

inv

) for gluon enri
hed jets and

Fig.6g for quark jets. Both gluon enri
hed samples exhibit an ex
ess of data 
om-

pared to the MC for low invariant masses (0.9 to 2 GeV/


2

), whi
h is emphasized

in Figs.6b,e where the mass distributions of data and MC have been subtra
ted.

Separating the mass ranges below and above 2 GeV/


2

in Fig.6
 for sample1, an ex-


ess 
orresponding to about 5�(stat) is observed in the low mass range. Comparing

Fig.6
 with Fig.6f, one observes that the ex
ess is in
reasing a

ording to in
reasing

gluon purity, namely about a fa
tor 2 between sample1 and sample2. For quark jets,

the 
orresponding distributions (Fig.6g,h,i) do not exhibit any signi�
ant di�eren
e

between data and MC.

The observations in Fig.5 
on�rm the �rst preliminary results presented in 2001 [13℄

for leading gluoni
 systems by 
onsidering 
harged parti
les only. In 2002 the OPAL


ollaboration also reported [16℄ a 2� ex
ess in the mass distribution of leading systems,


onsisting of 
harged and neutrals, between 1 and 2.5 GeV/


2

in gluon jets.

The observation in Fig.6 that the ex
ess of neutral leading systems in gluon jets is

limited to the low mass region supports arguments in favour of gluoni
 states. The

existen
e of glueballs, i.e. bound states of two or more gluons, is a predi
tion of QCD

5

The experimental mass resolution is below 10 MeV/


2

, the binwidth in Fig.5 is 50 MeV/


2

.
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Figure 5: a),
): Invariant mass distribution P (M

inv

) of the leading system (SQ = 0)

(
onsidering only 
harged parti
les) a)for gluon-enri
hed jets (sample1), 
) for quark jets.

P is de�ned at the beginning of Se
tion 5. The dots with error bars are the data, the his-

tograms are the mean values of the three Monte Carlos. b),d): P

data

(M

inv

)�P

MC

(M

inv

).

[12℄. There is general agreement that the lightest glueball should be in the s
alar 
hannel

with J

PC

= 0

++

. Quantitative results are derived from the QCD latti
e 
al
ulations [30℄

or QCD sum rules [31℄ whi
h predi
t the lightest glueball to be around 1600 MeV/


2

. It


ould however also be a broad obje
t in the mass region between 1000 and 1800 MeV/


2

.

The state 
ould mix with ordinary 0

++

states, like the f

0

(980) resonan
e. A re
ent

dis
ussion with various referen
es 
an be found in [32℄.
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Figure 6: a),d): Invariant mass distributions P (M

inv

) of the leading system (SQ = 0)

(with 
harged and neutral parti
les) for gluon-enri
hed jets, samples 1 and 2 respe
tively.

g): same for quark jets (jet1, sample1). The dots with error bars are the data, the

histograms are the mean values of the three Monte Carlos. The quantity P is de�ned

at the beginning of Se
tion 5. Se
ond row b),e),h): P

data

(M

inv

)� P

MC

(M

inv

); Last row


),f),i): P

data

(M

inv

)� P

MC

(M

inv

) for 2 bins: (0.25-2 GeV/


2

) and (2-3.75 GeV/


2

).
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6 Summary

In the present study the leading systems de�ned by a rapidity gap have been inves-

tigated for gluon and quark jets. The statisti
s of 1994 and 1995 at

p

s = 91:2 GeV

obtained by the DELPHI 
ollaboration is used to sele
t 3-jet events and to single out

quark jets (purity � 90%) and gluon enri
hed jets (purity � 70%) by energy ordering

(sample1). For the (enri
hed) gluon jets a higher rate of neutral leading systems than

predi
ted by string models like JETSET (with and without Bose Einstein 
orrelations)

and ARIADNE is observed but no su
h enhan
ement is seen for the quark jets. Various


he
ks have been performed whi
h suggest that this e�e
t is not a spurious one. An

in
rease of the e�e
t with in
reasing gluon purity, obtained by a tagging pro
edure in a

se
ond sample (sample2), is observed 
orroborating that it is indeed 
onne
ted with the

gluon jets.

The ex
ess of neutral leading systems in pure gluon jets at a gap size �y = 1:5 has

been measured to be about 10%, with a signi�
an
e of 3�. It is of the order of 1 to 2 %

in pure gluon jets without any gap 
ondition.

The mass spe
tra of the neutral leading systems of gluon jets, both with and without

in
luding neutral parti
les have been studied. Mass spe
tra whi
h in
lude 
harged and

neutral parti
les, show 
learly that the ex
ess mentioned above is 
on
entrated at low

invariant masses (below 2 GeV/


2

). The signi�
an
e is enhan
ed there and amounts to

about 5�(statisti
al) in sample1 and the ex
ess is in
reased roughly proportionally to the

gluon purity in sample2.

The 
orresponding mass spe
tra of leading systems in quark jets do not exhibit any

ex
ess in the low mass regions.

The observed ex
ess of neutral systems in gluon jets and its in
rease with the gap size

and with the gluon purity is in agreement with expe
tations, if the hitherto unobserved

but predi
ted pro
ess of o
tet neutralization of the gluon �eld takes pla
e in nature. Al-

though 
olor re
onne
tion 
ould in prin
iple alternatively explain the ex
ess, the spe
i�


mass 
on
entration at low mass seems to favor the �rst 
ase and 
ould be a signal of

gluoni
 states predi
ted by QCD.

A
knowledgements

We thank W. O
hs for en
ouraging us to start the above study and for dis
ussions

in the 
ourse of it and O. Klapp for programming support. We thank P. Minkowski, G.

Rudolph and T. Sj�ostrand for valuable dis
ussions and 
lari�
ations. Te
hni
al support

by G.Walzel is gratefully a
knowledged.

We are greatly indebted to our te
hni
al 
ollaborators, to the members of the CERN-

SL Division for the ex
ellent performan
e of the LEP 
ollider, and to the funding agen
ies

for their support in building and operating the DELPHI dete
tor.

We a
knowledge in parti
ular the support of

Austrian Federal Ministry of Edu
ation, S
ien
e and Culture, GZ 616.364/2-III/2a/98,

FNRS{FWO, Flanders Institute to en
ourage s
ienti�
 and te
hnologi
al resear
h in the

industry (IWT), Belgium,

FINEP, CNPq, CAPES, FUJB and FAPERJ, Brazil,

Cze
h Ministry of Industry and Trade, GA CR 202/99/1362,

Commission of the European Communities (DG XII),

Dire
tion des S
ien
es de la Mati�ere, CEA, Fran
e,



14

Bundesministerium f�ur Bildung, Wissens
haft, Fors
hung und Te
hnologie, Germany,

General Se
retariat for Resear
h and Te
hnology, Gree
e,

National S
ien
e Foundation (NWO) and Foundation for Resear
h on Matter (FOM),

The Netherlands,

Norwegian Resear
h Coun
il,

State Committee for S
ienti�
 Resear
h, Poland, SPUB-M/CERN/PO3/DZ296/2000,

SPUB-M/CERN/PO3/DZ297/2000, 2P03B 104 19 and 2P03B 69 23(2002-2004)

FCT - Funda�
~ao para a Ciên
ia e Te
nologia, Portugal,

Vede
ka grantova agentura MS SR, Slovakia, Nr. 95/5195/134,

Ministry of S
ien
e and Te
hnology of the Republi
 of Slovenia,

CICYT, Spain, AEN99-0950 and AEN99-0761,

The Swedish Resear
h Coun
il,

Parti
le Physi
s and Astronomy Resear
h Coun
il, UK,

Department of Energy, USA, DE-FG02-01ER41155,

EEC RTN 
ontra
t HPRN-CT-00292-2002.

Referen
es

[1℄ T. Sj�ostrand, Comp. Phys. Comm. 82 (1994) 74.

[2℄ DELPHI 
oll., P.Abreu et al., Phys.Lett. B407 (1997) 174.

[3℄ DELPHI 
oll., P.Abreu et al., Phys.Lett. B416 (1998) 247.

[4℄ DELPHI 
oll. P.Abreu et al., Phys.Lett. B490 (2000) 61.

[5℄ DELPHI 
oll. J. Abdallah et al., Phys.Lett. B533 (2002) 243.

[6℄ L.L�onnblad, Comp. Phys. Comm. 71 (1992) 15.

[7℄ P.Minkowski and W.O
hs, Phys. Lett. B485 (2000) 139.

[8℄ P.Minkowski and W.O
hs, Pro
eedings 30th Int. Symp. on Multiparti
le Dynami
s,

Tihany, Hungary, O
t. 2000, eds. T. Csorgo et al.,World S
ienti�
, Singapore (2001)

183.

[9℄ H.Spiesberger and P.M.Zerwas, Phys. Lett. B481 (2000) 236.

[10℄ I. Montvay, Phys.Lett. B84 (1979) 331.

[11℄ C. Peterson and T. F. Walsh, Phys.Lett. B91 (1980) 455.

[12℄ H. Frits
h and P. Minkowski, Nuovo Cimento 30A (1975) 393.

[13℄ B. Bus
hbe
k and F. Mandl, Pro
. 31st Int. Symp. on Multiparti
le Dynami
s, Da-

tong, China, Sep. 2001, eds. Bai Yuting, Yu Meiling and Wu Yuanfang, World S
i-

enti�
, Singapore (2002) 50; e-Print ArXiv:hep-ph/9911240.

[14℄ Talk of M.Siebel for the DELPHI Collab., Pro
. of the 31st Int. Conf. on High Energy

Physi
s, Amsterdam, The Netherlands, July 2002, eds. S. Bentvelsen et al., North

Holland 2003, p 377.

[15℄ G. Rudolph, private 
omuni
ation, (ALEPH 
oll., Note 2003-008-CONF 2003-005,


ontribution to EPS 2003, Aa
hen).

[16℄ J.W.Gary, Pro
. 33th Int. Symp. on Multiparti
le Dynami
s, Krakow, Poland, Sept.

2003, eds. K. Fialkowski and W. Slominski, A
ta Phys.Polon. B35 (2004) 365.

[17℄ V.V.Sudakov, Sov.Phys. JETP 3 (1956) 65;

W.O
hs and T.Shimada, Pro
. of 29th Int. Symp. QCD and Multiparti
le Produ
-

tion, Brown Univ., USA, Aug. 1999, eds. I. Sar
evi
 and C.-I. Tan, World S
ienti�
,

Singapore (2000) 64.

[18℄ G. Gustafson, U. Pettersson and P. Zerwas, Phys. Lett. B209 (1988) 90;

T.Sj�ostrand and V.A.Khoze, Z. Phys. C62 (1994) 281;



15

T. Sj�ostrand and V. A. Khoze, Phys. Rev. Lett. 72 (1994) 28.

[19℄ OPAL 
oll., J. Abbiendi et al., Eur. Phys.J. C35 (2004) 293.

[20℄ DELPHI 
oll., P.Abreu et al., Phys. Lett. B355 (1995) 415.

[21℄ S.Catani et al., Phys. Lett. B269 (1991) 432;

S.Bethke et al., Nu
l. Phys. B370 (1992) 310, Erratum-ibid. B523 (1998) 681.

[22℄ DELPHI 
oll., P.Abreu et al., Z. Phys. C70 (1996) 179.

[23℄ DELPHI 
oll., P.Abreu et al., Eur. Phys.J. C4 (1998) 1.

[24℄ DELPHI 
oll., P.Abreu et al., Eur. Phys.J. C13 (2000) 573.

[25℄ DELPHI 
oll., P.Abreu et al., Nu
l. Instr. and Meth. A378 (1996) 57;

G.Borisov and C.Mariotti, Nu
l. Instr. and Meth. A372 (1996) 181.

[26℄ L. L�onnblad and T. Sj�ostrand, Phys. Lett. B351 (1995) 293;

L. L�onnblad and T. Sj�ostrand, Eur. Phys. J. C2 (1998) 165.

[27℄ DELPHI 
oll., P.Abreu et al., Z. Phys. C73 (1996) 11.

[28℄ OPAL 
ol., G.Alexander et al., Z. Phys. C69 (1996) 543.

[29℄ B.Anderson, Pro
. 31st Int. Symp. on Multiparti
le Dynami
s, Datong, China, Sept.

2001, eds. B. Yuting, Yu Meiling and Wu Yuanfang, World S
ienti�
, Singapore

(2002) 471; e-Print ArXiv:hep-ph/0111425.

[30℄ UKQCD 
oll., G. S. Bali et al, Phys.Lett. B309 (1993) 378;

G. S. Bali, e-Print arXiv:hep-lat/0308015.

[31℄ S. Narison, Nu
l.Phys. B509 (1998) 312;

S. Narison, Nu
l.Phys. B (Pro
. Suppl.) 121 (2003) 131.

[32℄ P. Minkowski and W. O
hs, Pro
. Ringberg Workshop on New Trends in HERA

Physi
s 2003, Ringberg Castle, Germany, Sep. 2003; eds. G. Gindhammer et al.,

World S
ienti�
 Singapore (2004) 169; e-Print ArXiv:hep-ph/0401167.


